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NEW & NOTEWORTHY
We illustrate sex dimorphisms in crossbridge kinetics where male hypertrophic cardiomyopathy hearts displayed an increased while female hypertrophic cardiomyopathy hearts displayed a decreased tension cost. In addition, we have found sex-and mutation-dependent differences in cardiac remodeling at the morphometric, histological, and cellular level.
CARDIOMYOPATHIES CRITICALLY underlie heart failure and can be characterized as hypertrophic, dilated, restrictive, and/or arrhythmogenic (33) . Many of these cardiomyopathies are genetically linked with a reported frequency of ϳ1:500 in the general population. The R403Q point mutation in ␤-myosin heavy chain (MyHC) is the first identified mutation leading to hypertrophic cardiomyopathy (HCM) with a heritable component (23) . During the progression of cardiac disease, as occurs in R403Q hearts, the myocardium undergoes cellular and molecular remodeling, including a changing metabolic and energetic landscape (18, 25) , such that the failing heart can be characterized as energy starved (26) . The molecular underpinnings of the metabolic derangements reside in changes in the mediators of ATP generation, utilization, and delivery initiated by mutant sarcomeric proteins. Given the extremely high demand for ATP in the heart (26) , small derangements in basal ATP concentration or its utilization could lead to metabolic and energetic deficiencies (36, 47 ). An early study linked HCM with such an energy stress where NMR on murine male R403Q hearts reveals decreased levels of phosphocreatine and increased levels of inorganic phosphate compared with WT littermates (51) .
It is now clear that the dynamics of cardiac contraction and relaxation during HCM are governed by downstream mechanisms, particularly the kinetics and energetics of the crossbridge cycle (52) . In vitro analysis of R403Q myosin kinetics yields inconsistent results such as reduced (11) or enhanced (40) actin filament velocity and reduced (53) or enhanced (58) actin-activated ATPase. On the other hand, human myofibril or multicellular R403Q samples consistently show accelerated tension generation and increased ATP hydrolysis rates (5, 57) . At the very least, the presence of the R403Q mutation alters myofilament function and ATP utilization at the level of the sarcomere. An important question that remains is how energetic perturbations in crossbridge kinetics, as a result of inheritable mutations, become integrated with cellular signaling cascades leading to HCM (49, 59) .
The direct impact of posttranslational modifications (PTM) are key to understanding the modifications that occur in the short-and long-term development of HCM progression (12) . However, using phosphorylation status of sarcomeric proteins as a tool to bridge sarcomeric mechanics to molecular signaling has proved difficult (4, 7, 30) . For example, we were unable to directly attribute the observed pattern of myofilament function in R403Q hearts to a particular pattern of myofilament phosphorylation (32) . What is evident from studies using the R403Q HCM model is that, although the primary defect may reside in the sarcomere, the development of the HCM phenotype depends on the interaction of the initiated signaling pathways, environmental stressors, and individual genotype, especially sex/gender.
Despite an increasing appreciation and knowledge regarding sex dimorphisms in the pathophysiology of HCM, many in-consistencies plague the cellular and molecular mechanisms underlying these differences. It is well known that premenopausal women show consistently better outcomes with many forms of cardiac disease, including hypertension, myocardial infarction, and HCM (17, 56) . Also, sex differences become more apparent with age in HCM, which highlights its progressive nature (17) . In separate R403Q murine models, both males and females develop hypertrophy at four months, and, whereas males begin to show left ventricular dilation and systolic impairment, females do not (22, 37) .
As mentioned above, human R403Q samples show an increase in the rate of ATP hydrolysis (5, 57) , suggesting an energetic stress imparted by the R403Q mutation. In this study, we tested the hypothesis that the R403Q mutation will alter crossbridge kinetics, including ATP utilization, in a sex-independent manner. To determine the early cues leading to cardiac pathology, we chose an early time point (2 mo of age) where male and female HCM mice show only early signs of pathology. In addition, we sought to elucidate whether differences in the patterning of PTM among male and female R403Q hearts underlies any of the sex dimorphisms.
MATERIALS AND METHODS

Animal Model
The experimental murine model has been detailed previously and consisted of male mice heterozygous for the mutant rodent ␣-myosin transgene (55) . The transgene coding region contains a point mutation, R403Q, and a deletion of 59 amino acids in the actin-binding site bridged by the addition of 9 nonmyosin amino acids. Wild-type (WT) littermates were used as controls for the familial hypertrophic cardiomyopathy mice. Mice were genotyped from a tail sample by the University of Arizona Genetics Core Facility before inclusion in the study. To confirm equivalent levels of transgene expression, total RNA was isolated from the left ventricles of WT and R403Q HCM hearts (female and male) using the RNeasy Midi Kit RNA isolation kit (Qiagen) according to the manufacturer's protocol, and cDNA was generated using the NCode miRNA First-Strand cDNA Synthesis Kit (Invitrogen). Equivalent transgene expression in male and female HCM mice was confirmed by RT-PCR using primers specific for sequences spanning the transgene (Fig. 1) . Previous work by our group determined a 10 -12% expression of the mutant protein in HCM mice (55) . All experiments were performed using protocols that adhered to guidelines of and approved by the Institutional Animal Care and Use Committee at the University of Arizona and to 2011 National Institutes of Health guidelines for the care and use of laboratory animals.
Preparation of Cardiac Fibers
Mice were deeply anesthetized using isoflurane, and hearts were rapidly excised and retrogradely perfused in a modified KrebsHenseleit (KH) solution (16) . The KH solution contained the following (in mM): 0.5 EDTA, 10.0 D-glucose, 1.5 pyruvic acid, 0.7 CaCl2, 25 NaHCO3, 118.5 NaCl, 5.0 KCl, 1.2 MgSO4, 2.0 NaH2PO4, and 20 mM 2,3-butanedione monoxime. The pH of the KH solution was adjusted to 7.35-7.4 using NaHCO3 before perfusion. Free-standing unbranched trabecula fibers were extracted from the right ventricle and placed in an ice-cold standard relaxing solution containing 1% Triton X-100 overnight for chemical demembranation. The remaining ventricular tissue was snap-frozen in liquid nitrogen for biochemical interrogation.
Free Ca 2ϩ Concentration Solutions and Compositions
Each trabecula was bathed in relaxing/preactivating/activating solutions. The ionic strength was kept at 180 mmol/l by adding the appropriate amount of potassium propionate. The pH was adjusted to 7.0 at 15°C with KOH. Ca-EGTA is made by mixing equimolar amounts of CaCl 2 and EGTA. In addition, each solution contained (in mM): 5.0 NaN3, 10.0 phosphoenolpyruvate, 0.2 A2P5, 1.0 oligomycin, 0.8 mg/ml pyruvate kinase, and 0.05 mg/ml lactate dehydrogenase. The following cocktail of protease inhibitors was added: 4 ul/ml protease inhibitor cocktail (P8340; Sigma), 1 mM DTT, 7.2 mg/ml N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK), 7.2 mg/ml N ␣-tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK), and 0.1 mM phenylmethylsulfonyl fluoride (PMSF).
Ca 2ϩ Sensitivity of Tension
Demembranated fibers were attached using aluminum T-clips to a high-speed-length controller (model 315C; 0.25-ms step response; Aurora Scientific) and a silicon strain gauge force transducer (model kx801; Kronex Technologies). Both the length controller and the force transducer are attached to X-Y-Z manipulators mounted on a movable microscope stage that is temperature controlled (20 Ϯ 0.1°C). Fiber cross-sectional area was measured directly through a microscope reticle. Force was recorded by a personal computer equipped with an analog-to-digital converter using custom LabView software for offline analysis. The sarcomere length (SL) was measured directly by a He-Ne laser as previously described (13 ] at which force is half-maximal, and n is slope of the Ca 2ϩ -force relationship (Hill coefficient). Fibers were allowed to reach steady-state tension and then rapidly slackened by 15% of total fiber length. The difference between steady-state tension and slacked tension determined total tension. Active tension at each [Ca 2ϩ ] is the difference between total tension and relaxed passive tension.
Rate of Tension Redevelopment
Once the fiber has reached steady-state force generation, a rapid release of 15% of the muscle length ensues. This is quickly (5 ms) followed by a rapid stretch 15% beyond the original fiber length. Immediately following the stretch (1 ms), the fiber is returned to the original length and allowed to regenerate force. This rapid release/ restretch serves to remove myosin from actin, including weakly bound states. This regeneration of force can be fit by a monoexponential, and the ) is therefore the summed rate of crossbridges entering (fapp) and exiting (gapp) a forcegenerating state. This protocol was then applied to maximal and submaximal activations.
ATPase Activity
The ATPase activity of the skinned trabecula is measured on-line by means of an enzyme-coupled assay as previously described (13, 15) . Briefly, a broad-spectrum light source is projected in the muscle bath and is split using a dichroic mirror toward a 340-and 400-nm wavelength detector. Formation of ADP by the muscle is stoichiometrically coupled first to the synthesis of pyruvate and ATP from phosphoenolpyruvate. This reaction is catalyzed by the enzyme pyruvate kinase and leads to the synthesis of lactate, a reaction that is then catalyzed by the enzyme lactate dehydrogenase and during which NADH is oxidized to NAD ϩ . NADH absorbs light at 340 nm and is subsequently added dropwise to each activating solution to reduce the signal sufficiently for the subsequent fiber-induced reaction; 400-nm wavelength is insensitive to NADH and serves as a reference signal. Therefore, the activation of a fiber produces a signal proportional to the amount of ATP consumed (i.e., amount of NADH oxidized). Changes in the 340-nm wavelength due to NADH oxidation are calibrated by injecting 0.5 nmol of ADP in a stepwise fashion.
PSR Staining and Determination of Collagen Content
Hearts were excised, weighed, and then fixed in 10% formalin overnight, paraffin embedded, sectioned at 5 m, and stained with hematoxylin and eosin (H&E) or picrosirius red (PSR). The PSRstained tissue was visualized under polarized light (ZEISS Axio Imager M1) to detect birefringence of collagen fibers. Three fields were chosen randomly from each heart sample. The images were quantified by a semiautomated imaging analysis program (AxioVision). A color threshold was defined in such a way to detect mature collagen. The area of birefringence was normalized by the total area of interest and used as an indicator of collagen content (10, 28)
High-Resolution Cardiac Ultrasound
High-resolution cardiac ultrasound was performed using a Visual Sonics Vevo 2100 high-resolution imaging system (Visual Sonics, Toronto, ON, Canada). Briefly, the chest of animals was dipilatated with a chemical hair remover, and anesthesia was maintained by 1% isoflurane with oxygen. Body temperature was maintained using a heated platform. Respiratory rates and electrocardiograms were monitored throughout the study. Two-dimensional M-mode echocardiographic images were obtained from the parasternal short-axis views at the level of the midventricles. Cardiac chamber dimensions and the left ventricular wall thickness were measured. Interventricular septum, left ventricular posterior wall thickness (LVPWT), and internal dimension (LVIDd) were measured from the M-mode images. Relative wall thickness [(LVPWT/LVIDd) ϫ 2] was calculated from the M-mode measurements. Data were analyzed off-line using Vevo 2100 analytic software. The data were obtained in triplicate and averaged.
Mouse Cardiac Samples for SDS-PAGE
A small portion of right or left ventricular tissue was broken off using a liquid nitrogen-cooled mortar and pestel (5-12 mg). The cardiac tissue was homogenized in 50% high-urea buffer (8 M urea, 2 M thiourea, 3% SDS, 0.05 M Tris·HCl, 0.075 M dithiothreitol, and 0.03% bromphenol blue) and 50% glycerol with protease inhibitors [25 l/1 ml Protease Inhibitor Cocktail (P8340; Sigma), 0.2 M PMSF, 17 mM TPCK, 16 mM TLCK, 0.1 M NaP 2O7, 0.1 M Na3VO4, and 0.5 M NaF]. After homogenization, samples were centrifuged at maximum speed for 30 s, and sample buffer was added to bring the final volume to 20ϫ the cardiac tissue mass. Samples were incubated at 95°C for 5 min, and then aliquots were frozen at Ϫ80°C.
Separation of MyHC Isoforms
Frozen cardiac samples were prepared as detailed for SDS-PAGE to determine relative cardiac MyHC content as previously described (28) . Gels were silver stained and analyzed using a Umax PowerLook 1120 flatbed scanner with 1,200 ϫ 2,400 dots/in. and 3.7 maximum dynamic range of light intensity. To determine relative MyHC content, several dilutions of each sample were analyzed to stay in the linear densitometric range. A linear relationship was determined for each MyHC isoform, allowing the relative MyHC content of each isoform to be extrapolated. Soleus muscle (consisting of primarily ␤-MyHC and type IIa MyHC) was used as a standard expression of both isoforms.
ProQ Diamond Phosphoprotein Stain
Briefly, the compositions of SDS-PAGE gels were as follows: stacking gel: 5% polyacrylamide (29:1 acrylamide-bisacrylamide), 0.1% SDS, 0.1% ammonium persulfate (APS), 0.1% TEMED, and 0.125 M Tris, pH 6.8; resolving gel: 12% acrylamide (29:1 acrylamide-bisacrylamide), 0.1% SDS, 0.1% APS, 0.06% TEMED, and 0.375 M Tris, pH 8.8. Gels were run using the Criterion system in ice-cold running buffer (2.5 mM Tris, 19 mM glycine, and 0.35 mM SDS) and at constant current (30 mA/gel). Gels were then fixed and stained according to the manufacturer's instructions (Invitrogen). Following ProQ Diamond staining, gels were stained for total protein content using Coomassie Brillant Blue. Optical densities of phosphorylated proteins were quantified using LabImage one-dimensional (1D) software and were normalized to their respective Coomassie-stained total protein bands.
The 97-kDa band was analyzed by LC-MS/MS (Arizona Proteomics Consortium) using Sequest (version 1.3.0.339; Thermo Fisher Scientific, San Jose, CA). Scaffold (version Scaffold_4.4.1.1; Proteome Software, Portland, OR) was used to validate the identity of this band with a Ͼ99.0% probability and contained at least seven identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm. (19) . Protein optical densities were quantified using LabImage 1D software and normalized to total protein to adjust for alterations in loading parameters. Normalized optical densities from p-cTnI-Ser 23/24 , p-cTnI-Ser 150 , and p-cMyBP-C-Ser 282 were divided by the total cTnI and total cMyBP-C optical density. In the case of phospho-Ser 150 cTnI, the secondary antibodies were conjugated with fluorescent dyes with infrared excitation spectra and were used for detection. Infrared Western blots were analyzed using the Odyssey Infrared Imaging System (Li-Cor Biosciences).
Western Blot Analysis
Phospho-Affinity SDS-PAGE
Phospho-affinity SDS-PAGE (PhosTag) was carried out using either precast SuperSep PhosTag (50 M), 10% gel (Wako Pure Chemical Industries, Osaka, Japan), or hand-cast PhosTag gels. The compositions of hand-cast gels are as follows: 5% polyacrylamide (stacking gel: 29:1 acrylamide-bisacrylamide), 0.1% SDS, 0.1% APS, 0.1% TEMED, and 0.125 M Tris, pH 6.8; 11% acrylamide (resolving gel: 29:1 acrylamide-bisacrylamide), 0.1% SDS, 0.15% APS, 0.3% TEMED, 0.4 M Tris, pH 8.8, 0.2 mM MnCl 2, and 0.1 mM MnPhosTag acrylamide. Approximately 30 g of total protein were loaded on each lane. Gels were run using the Criterion system on ice, in cold running buffer (2.5 mM Tris, 19 mM glycine, and 0.35 mM SDS). Proteins were transferred to PVDF membranes using the Trans-Blot system (Bio-Rad). Membranes were probed using the above antibodies. Total protein was measured by SYPRO Ruby stain (Bio-Rad). Human recombinant cardiac troponin I (hcTnI, kindly provided by Dr. Jil Tardiff) and mouse cardiomyocytes (skinned, 1% Triton) treated with protein kinase A (PKA catalytic subunit; 1 U/l) were used as relative standards to identify different phosphospecies populations. hcTnI was used to identify maximally migrating, and therefore minimally phosphorylated, cTnI phosphospecies; PKAtreated cardiomyocytes were used to identify minimally migrating, and therefore highly phosphorylated, cTnI phosphospecies.
Data and Statistical Analysis
Results are presented as means Ϯ SE. A two-way or one-way ANOVA with the Bonferroni's post hoc test, where appropriate, was used to determine differences between means. Multiple-linear regression was also used to determine the relationship between k tr and tension. P values Ͻ0.05 were considered significant.
RESULTS
Muscle Mechanics
Ca 2ϩ sensitivity of tension development. A recent study reports that the R403Q mutation does not impact Ca 2ϩ -sensitive tension development in demembranated cardiac fibers when compared with controls from either sex in 10-to 20-wkold mice, when R403Q mice exhibit no observable HCM pathology (22, 38, 39) . We previously showed that cardiac trabeculas from 10-mo-old female HCM mice were significantly more sensitive to Ca 2ϩ than WT controls, whereas male HCM trabeculas were not different from WT fibers (32) . Therefore, we determined the Ca 2ϩ sensitivity of tension for HCM and WT males and females. Figure 2 displays the Ca 2ϩ sensitivity of tension for WT and HCM females ( Fig. 2A) and males (Fig. 2B) . The solid and dashed lines indicate the best fit of the Ca 2ϩ force data to a modified Hill equation whose parameters are summarized in Table 1 . Ca 2ϩ sensitivity of tension determined in females was not impacted by HCM. On the other hand, Ca 2ϩ sensitivity of tension was less sensitive (right shifted) in HCM males compared with WT males. Moreover, while Ca 2ϩ sensitivity was similar among WT female, HCM female, and WT male fibers, HCM male trabeculas were less sensitive to Ca 2ϩ than trabeculas from all other groups. In addition, we concluded that neither HCM nor sex impacted length sensitivity by also measuring Ca 2ϩ sensitivity of tension at SL of 2.0 m for each group (⌬EC 50 ) (Table 1) . Cooperativity, as indicated by the Hill coefficient, and maximum tension generated was not different for the groups studied.
Rate of tension redevelopment. The rate of tension redevelopment (k tr ) is a measure of the sum of cross bridges entering and exiting a force-generating state using a simplified two-state model (5) . k tr at maximum tension was not significantly different for any group studied. However, given that maximum tension is generated at relatively nonphysiological levels of Ca 2ϩ , k tr was also measured at submaximal tension. The tension-k tr relationship was then fit by linear regression. We found a significant impact of the HCM transgene on the tension-k tr relationship (Fig. 2, C and D) . Interestingly, HCM males (Fig. 2D) showed a significantly decreased (more shallow) slope compared with WT males, whereas female HCM and WT (Fig. 2C) were not different by post hoc analysis. Because k tr is a measure of total crossbridge cycling, a decreased or shallower slope would indicate increased cycling (entering and exiting) of crossbridges at a given force. Rate of force-dependent ATP hydrolysis and tension cost. Given the apparent differences in crossbridge cycling rates for HCM males, it was necessary to measure the rate of forcedependent ATP hydrolysis. To do this, we simultaneously measure force and ATP utilization as described previously (13) . The slope between ATP hydrolyzed (in pmol·s Ϫ1 ·mm Ϫ3 ) and tension generated (in mN/mm) results in the tension cost of the cardiac tissue. All ATP hydrolysis data were collected at a SL of 2.2 m. Figure 3 illustrates that there is a strong (statistically significant) interaction between sex and the presence of the mutation with regard to tension cost. These data are summarized in Table 2 . This would indicate a higher "off" rate and a more inefficient use of ATP at a given force in HCM males with the opposite in HCM females.
Functional and Morphometric Cardiac Remodeling
Cardiac hypertrophy and high-resolution ultrasound. Figure  4 displays longitudinal sections of H&E-stained hearts from each experimental group. We determined collagen content by PSR staining as previously described (10, 28) . There were no differences in collagen content between all groups studied (Fig.  4A) . We compared heart weight normalized to tibial length and found that there was a significant impact of sex and disease sensitivity of tension in demembranated cardiac trabeculas from wild-type (WT) females (F) (n ϭ 4) and HCM females (n ϭ 6). B: Ca 2ϩ sensitivity of tension in demembranated cardiac trabeculas from WT males (M) (n ϭ 4) and HCM males (n ϭ 6). C: rate of tension redevelopment (ktr) in demembranated cardiac trabeculas from WT females (n ϭ 4) and HCM females (n ϭ 6). D: ktr in demembranated cardiac trabeculas from WT males (n ϭ 4) and HCM males (n ϭ 6). ktr plotted as a function of normalized tension; data plots represent binned values. Sarcomere length (SL) was set to 2.2 m, and all data were normalized to saturating Ca 2ϩ (maximum) tension.
(HCM) on normalized heart weight, including a significant interaction between sex and disease (Fig. 4B ). Post hoc analysis indicated significant hypertrophy in male HCM mice over male WT counterparts.
To assess the impact of HCM on cardiac function and in situ ventricular morphometry, high-resolution two-dimensional echocardiography was performed on WT and HCM mice in each sex. A significant interaction between sex and disease was determined in ejection fraction (EF%) (Fig. 4C) . Moreover, EF% was significantly elevated in female HCM compared with female WT hearts. However, there were no differences among the factors of sex or disease when we determined relative wall thickness during diastole (Fig. 4D) .
MyHC isoform content. Given that previous work has shown the importance of MyHC isoform content in the context of cardiac disease progression, as well as myosin ATPase efficiency (20), we quantified MyHC isoform expression in 2-mo HCM and WT mice (Fig. 5 ). In line with previous work (55), ␤-MyHC content was minimal (Ͻ2%) in either right or left ventricle samples for HCM mice of either sex. Therefore, the mechanical and kinetic differences seen cannot be attributed to a detrimental isoform shift occurring.
PTM of Sarcomeric Proteins
Global PTM. Sarcomeric proteins are the target for many kinases and remain a central site for integration of regulatory signaling. Considering the differential Ca 2ϩ sensitivity, k tr , and tension cost observed, we predicted that HCM males and females would have a unique pattern of proteins that were posttranslationally modified and potentially underlying differences in myofilament function. Using SDS-PAGE followed by ProQ Diamond phosphoprotein staining, we were able to quantify global phosphorylation levels for sarcomeric proteins, including cTnI, cTnT, myosin-binding protein C (MyBPC), and desmin (Fig. 6A) .
Normalizing band intensity from ProQ diamond staining to Coomassie blue staining (Fig. 6B ), we found a significant effect of sex on cMyBP-C PTM only. In addition, we determined that HCM impacted the levels of PTM for cMyBP-C, cTnI, and a 97-kDa protein. Mass spectrometry analysis (Fig.  6, C and D) identified the 97-kDa protein to be glycogen phosphorylase, a key energy-regulating protein that acts as the rate-limiting step in glycogenolysis by breaking up glycogen into glucose subunits. Finally, there was significant interaction ] at which force is half-maximal, and n is the slope of the Ca 2ϩ -force relationship (Hill coefficient). As a measure of length dependent activation, the ⌬EC50 and ⌬pCa50 were determined from SL 2.2 and 2.0 m. ktr was determined for each experimental group. In addition, ktr was plotted against relative tension and fit by linear regression. A 2-way ANOVA followed by Bonferroni's post hoc test compared differences between groups. *P Ͻ 0.05 from WT counterpart. between sex and HCM (disease) on PTM levels for desmin, cTnT, and cTnI. Post hoc analysis revealed that the HCM mutation elevated the 97-kDa protein (glycogen phosphorylase) in both males and females. On the other hand, PTM of cTnI and cTnT was significantly lower in WT females compared with HCM females.
Site-specific phosphorylation of cTnI and cMyBP-C. In the heart, multiple kinase systems, including cAMP-dependent protein kinases A, D, G, and C and p21-activated kinase converge on myofilament proteins to regulate myofilament function (50) . The two central and well-studied targets for PTM in the heart are cTnI and cMyBP-C. We and others have previously demonstrated that PTM of cTnI impacts myofilament and sarcomere dynamics (15, 29, 48) . Considering the sex-and HCM-specific effects on the kinetics and energetics myofilament function, we interrogated the level of PTM at known target sites on cTnI and cMyBP-C. (Fig. 7A) .
cMyBP-C also has multiple phosphorylation sites (45) . Considering a sex-specific elevation of cMyBP-C by ProQ diamond staining, we examined cMyBP-C phosphorylation at Ser 282 (p-cMyBP-C-Ser 282 ), which is a prerequisite phosphorylation site for phosphorylation at other sites (46) . Again, using Western blot analysis, we measured levels of p-cMyBP-C-Ser 282 in all experimental groups. We did not observe any impact of sex or HCM in the levels of pcMyBP-C-Ser 282 (Fig. 7B) . Additionally, we probed for phosphorylation of cTnI at Ser 150 (p-cTnI-Ser 150 ), which is known to be the preferential site for phosphorylation by p21-activated kinase and adenosine monophosphate-activated protein kinase (31, 32) . We did not observe any difference between sex and disease in p-cTnISer 150 levels (data not shown).
PhosTag. Because cTnI and cMyBP-C harbor multiple phosphorylation sites, the specific distribution of phosphorylation on each respective protein may act to differentially impact myofilament function (21, 45, 49, 60) . We were therefore interested if the HCM transgene or sex had an impact on the overall phosphospecies distribution of cTnI and cMyBP-C. To do this, we used PhosTag accompanied by site-specific phosphoantibodies to determine the distribution of cTnI-and cMyBP-C-phosphorylated species. Data are presented as means Ϯ SE; n, no. of subjects. Tension cost was determined by the relationship between ATP hydrolysis and relative tension. Two-way ANOVA analysis revealed a strong interaction between sex and the HCM transgene with regard to tension cost. Bonferroni post hoc analysis found HCM males had a significantly higher tension cost compared with WT males. ATP hydrolysis at maximum tension was not different for any group. *P Ͻ 0.05 from WT counterpart. With the use of an antibody for total cTnI (Fig. 8A) , three distinct bands were evident that we designated as high, mid, and low based on gel-shift mobility (3, 32) . Using this convention, we found a significant transgene effect in the amount of the low and mid bands (Fig. 8A) and no significant differences in the low-mobility band. Moreover, the midmobility band was less in both F-HCM and M-HCM compared with WT counterparts.
PhosTag was performed again using a site-specific antibody for p-cTnI-Ser 23/24 (3) . Again, we defined the bands based on mobility such that we identified a low-and midmobility band, which correspond with the low-and midmobility bands of total cTnI (Fig. 8) . There was a significant interaction between sexes and the HCM transgene, with HCM males demonstrating significantly less of the mid-and low-mobility bands compared with WT males. We additionally used PhosTag with a sitespecific antibody for p-cTnI-Ser 150 (data not shown). There was no sex or disease-specific effect in the distribution of phosphorylation.
PhosTag followed by immunoblotting for total or p-Ser 282 -MyBPC revealed the presence of two phosphospecies designated as either high or low mobility as previously described (1) . Despite some emerging trends, statistical analysis using a two-way ANOVA determined that there were no differences in distribution between either sex or HCM disease (Fig. 8B) .
DISCUSSION
Because gender/sex is recognized as a potent modifier in cardiac disease progression and severity, the goal of our study was to examine this at the level of crossbridge kinetics and energy use. Our study supports this notion with several key findings but also points to the difficulty of attributing sex dimorphisms to a central cellular and/or molecular mechanism. The major findings of this study are 1) HCM males showed decreased Ca 2ϩ sensitivity and increased crossbridge cycling at low activation levels, 2) HCM males had increased tension cost while HCM females show reduced tension cost, 3) both HCM males and HCM females displayed a similar "stress" response with an increase in glycogen phosphorylase, and 4) both sex and disease impacted myofilament phosphorylation content and patterning.
Previous studies involving the R403Q mutation either from human tissue or mouse models point toward a gain-of-function at higher energy cost (5, 39, 57) . The findings herein suggest that hearts from male HCM mice were consistent with previous observations indicated by a relative increase in crossbridge cycling rates and higher tension cost. We also found differences in Ca 2ϩ sensitivity between HCM males and HCM females, where HCM male trabeculas displayed Ca 2ϩ desensitization compared with WT counterparts, whereas HCM females did not. This is different from a previous study that found no sex-dependent differences in Ca 2ϩ sensitivity at a similar age (10 -20 wk). However, a potential cause for this discrepancy is that the prior study used a different R403Q model than the one used for the current study (39) .
Kinetic parameters of the crossbridge cycle were determined through k tr . We found a significant effect of the HCM transgene on k tr represented as a shallower slope in HCM males compared with WT males and females of either group. An increase in submaximal k tr indicates that, at a given force, myosin in HCM males must cycle at a faster rate of attachment and detachment than WT males. Previous work on human heart samples carrying the R403Q mutation also demonstrates increased rates of an equivalent parameter (5) .
To better interpret the underlying mechanism of this increased rate of tension redevelopment, we measured the rate of force-dependent ATP hydrolysis at varying [Ca 2ϩ ] to determine the tension cost of contraction. We found a strong interaction between sex and the HCM mutation in tension cost. This indicates that HCM males have a significantly increased tension cost compared with their WT counterparts. To interpret this combinatorial data, we use a two-state crossbridge model, with k tr representing the summed rate of the crossbridges entering and exiting (f app ϩ g app , respectively) a force-generating state (8) . The increased k tr and increased tension cost (g app ) for HCM males indicates that g app (crossbridge detachment) must be increasing, with f app (crossbridge attachment) either increasing or remaining the same. The suggestion is more inefficient use of ATP to generate force and a gain-offunction, matching studies in human R403Q cardiac fibers (5, 57) . For the first time, we showed that female HCM fibers demonstrate reduced cost of tension and, consequently, a lower detachment rate, or g app . With an unchanged k tr , female fibers are more efficient at using ATP to generate force. Of particular interest was this sex dimorphism in forcedependent ATP utilization, especially since these mice are age matched at an early time point where there is little evidence of pathological cardiac remodeling. Hallmarks of cardiac remodeling include cardiac hypertrophy, a recapitulation of the fetal gene program that includes elevated expression of ␤-MyHC, and cardiac fibrosis (42) . While both male and female HCM hearts did not show an elevation of cardiac collagen deposition, male HCM hearts were significantly larger than WT males and females from each group. On the other hand, HCM females demonstrated an increase in EF% indicative of a hypercontractile state. To correlate this HCM phenotype with pathological markers, we examined expression of ␤-MyHC. Expression of ␤-MyHC can negatively impact cardiac performance (54) by decreasing power output (24) or increasing the Ca 2ϩ sensitivity of tension development (20, 43) . On the other hand, fibers expressing ␤-MyHC have an improved tension cost (44) . Interestingly, both female and male HCM hearts expressed little, if any, ␤-MyHC despite having altered EF%, crossbridge cycling, and mechanics. This clearly illustrates that the HCM mutation manifests differently in each sex at an early time point, yet, the exact cause underlying this HCM phenotype cannot be explicitly attributed to a "pathological" phenotype. The suggestion is that sex-specific markers must be elucidated early on that will predict the HCM phenotype in each sex. (right) antibody illustrating distinct bands corresponding to low, mid, and high gel mobility. Stacked bar graph summary indicating the relative amounts of phosphospecies for each experimental group. B, top: representative SDS-PAGE-PhosTag followed by Western blot with a total cMyBP-C or p-cMyBP-C-Ser 282 antibody illustrating 2 distinct bands corresponding to low and high gel mobility. Stacked bar graph summary indicating the relative amounts of phosphospecies. Each lane was normalized to total cTnI or cMyBP-C. A 2-way ANOVA followed by a Bonferroni post hoc test determined differences between HCM and WT groups. *P Ͻ 0.05 from cTnI WT counterpart; * , *P Ͻ 0.05 when comparing low-and high-mobility bands between HCM and WT males. 
Values are means Ϯ SE; n, no. of subjects. EF, ejection fraction; RWTd, relative wall thickness during diastole; cMyBP-C, cardiac myosin-binding protein C; cTnT, cardiac troponin T; cTnI, cardiac troponin I, p, phospho. This summarizes the observed effects of sex and the HCM transgene in WT, HCM, male, and female mice. Using a 2-way ANOVA followed by Bonferroni's post hoc test to compare differences between groups, we designate a significant *(P Ͻ 0.05) effect or no change (Ϫ) with each factor. In addition, post hoc analysis determined whether HCM increased (1) or decreased (2) the parameter with respect to sex.
To gain a better understanding of the cellular and molecular mechanisms underlying sex-specific crossbridge mechanics, we examined PTM of key myofilament proteins known to impact sarcomere function. PTM of myofilament proteins is dynamically regulated by several kinases and phosphatases and has known effects on Ca 2ϩ sensitivity (29) , crossbridge cycling rate (27) , and Ca 2ϩ -binding characteristics (6) . The ␤-adrenergic pathway and resultant activation of PKA is central to acute and long-term cardiac adaptation under stress (31) . PKA targeting of cTnI (Ser 23/24 ) and cMyBP-C (Ser 273/282/302 ) decreases the sensitivity of the myofilaments to Ca 2ϩ (14, 29) and accelerates the rate of crossbridge cycling (2, 9, 27, 35, 41) . Moreover, recent work attributes sex dimorphisms in cardiac adaptation to a mutant MyBP-C transgene (34) . Using SDS-PAGE and phosphospecific antibodies, we found a significant sex effect in p-cTnI-Ser 23/24 characterized by a decrease in males with a further decrease in HCM males. On the other hand, we found no differences in p-cMyBP-C-Ser 282 , which is a prerequisite phosphorylation site for phosphorylation at other sites (46) . Considering the ability of p-cMyBP-C-Ser 282 to mediate, in part, kinase targeting at alternative sites (21), it is not surprising that differences in phosphorylation levels may exist between sites on unique proteins (p-cTnI-Ser 23/24 and p-cMyBP-C-Ser 282 ) targeted by the same kinase. Clearly, compartmentalized regulation exists within myofilament "microdomains" to control kinase activity. Incidentally, we found no differences in p-cTnI-Ser 150 at this time point differing from our previous work showing sex and disease differences in in HCM mice at a much later time point (12 mo) (32) .
Similarly, SDS-PAGE PhosTag of cTnI and cMyBP-C revealed a unique patterning of PTM that was dependent on sex, the HCM transgene, and the interaction between sex and HCM. Moreover, the site-specific distribution of PTM proteins paralleled our other methods of PTM interrogation but cannot directly underlie crossbridge kinetics and energetics. Inconsistencies in PTM of cTnI, cMyBP-C, and crossbridge myofilament Ca 2ϩ sensitivity are not surprising given that multiple kinase pathways converge on cTnI and cMyBP-C, resulting in at least 10 (cTnI) and 4 (cMyBP-C) possible phosphorylation sites (45, 49) , and that the myofilaments act as a nodal point for multiple cellular kinases. Therefore, it is important to note that, while SDS-PAGE PhosTag is highly useful for providing information on phosphorylation distribution, it is likely that this technique is not able to distinguish all possible phosphorylation states and only has the resolution for the most prevalent states in the densiometric range. It is also likely that discrepancies and inconsistencies may arise between the techniques used in this study (ProQ-Diamond phosphostain, immunoblot of 1D SDS-PAGE and SDS-PAGE PhosTag) due to the nature of the phosphoprotein. Nevertheless, SDS-PAGE-PhosTag remains a useful tool for highlighting unique and distinct patterns of phosphorylation.
Of particular interest, ProQ Diamond showed increased phosphorylation of glycogen phosphorylase in both HCM males and females. Glycogen phosphorylase functions to catalyze the cleavage of glycogen into glucose units and can be activated either allosterically or by phosphorylation. This increase in activity indicates that both HCM males and females are most likely under energy stress, forcing an increase in glucose metabolism. The suggestion is that HCM females have compensatory mechanisms in place that alter crossbridge kinetics differently from HCM males. The disease-and sexspecific effects are summarized in Table 3 .
Physiological Implications and Future Directions
In this study, we illustrate sex-dependent differences in crossbridge kinetics in cardiac trabeculas from HCM hearts. HCM males showed an increase in tension cost while HCM females showed a decrease in tension cost. This difference occurs early on in the absence of a severe pathological phenotype. Yet, at the level of the myofilament, there are indications that both HCM males and females are under energy stress presumably initiated by the HCM transgene. What is evident from studies using this HCM model is that, although the primary defect may reside in the sarcomere, the development of the HCM phenotype depends on the interaction of the initiated signaling pathways, environmental stressors, and individual genotype (including sex/gender). The suggestion is, however, that HCM females recruit a unique cellular pathway to improve tension cost by altering crossbridge kinetics. Future studies may be targeted at identifying these pathways, which appear to be activated (or deactivated) very early on.
